We wished to assess whether the previously developed 3,3diaminobenzidine (DAB)-Mn" cytochemical method, purportedly specific for superoxide localization, is detecting superoxide 0;-and/or the superoxide product, Oz('Ag). We show here that polymorphonuclear leukocytes (PMNs) produce Oz(' Ag) extracellularly in response to non-phagocytic stimuli and that this production is inhibited by addition of superoxide dismutase, an enzyme typically used to demonstrate that a reaction is mediated by Oi-. Because Oz('Ag) is highly reactive and can be generated from Oi-, the reactivity of a pure chemical source of Oz('Ag) with the cytochemical probe DAB was examined in the presence and absence of Mn**. Reactions between DAB and Oz('Ag), thermally released from 1,4-dimethyl-napthalene-1,4-endoperoxide (DNE), indicated that Oz('Ag) directly reacted with DAB, forming an insoluble DAB polymer, and that this reaction was increased by the presence of Mn++. The direct reaction of Oz('Ag) with DAB was confirmed using near-IR emission spectroscopy. The near-IR emission spectrum of DNE as it was warmed showed the characteristic energy emission peak of OZ('Ag) and the intensity of this peak was reduced by the addition of DAB; = 1.7 x IO8 M-' sec-'. The requirement of Mn++ for oxidation of DAB by 0;was reconf m e d using potassium superoxide as a pure chemical source of 0;-. In cell studies, however, DAB deposits were not observed in PMNs stimulated under conditions that lead to OZ('Ag) production [e.g., 0.040 or 0.162 PM 4B-phorbol-12-myristate-U-acetate (PMA)], regardless of whether Mn" was present in the cytochemical medium. Nor were DAB deposits found in cells stimulated with PMA in the absence of Mn++ or in unstimulated PMNs. Only cells incubated in cytochemical medium containing Mn+* and stimulated to produce large amounts of 0;-(e.g., 3.24 pM PMA) contained DAB deposits. In summary, the DAB-Mn" cytochemical method remains an excellent method for localizing the production sites of Oi-, since the concentration of Oz('Ag) within vesicles of stimulated cells is too low to directly oxidize DAB to an electron-dense deposit. (]Hist&em Cytochem 41: [1659][1660][1661][1662][1663][1664][1665][1666][1667] 1993) 
Introduction
Alterations in the oxidative metabolism of polymorphonuclear leukocytes (PMNs) after stimulation by a variety of agents have been well documented and include an increase in oxygen consumption and a subsequent generation of reactive oxygen species (for review see Badwey and Karnovsky, 1980; Babior, 1978) . Oxidative metabolism reflects the activation of a transmembrane enzyme system, NADPH:02-oxidoreductase (commonly called NADPH-oxidase), that transfers one electron from the cytosolic donor NADPH to a molecule of extracellular oxygen, producing superoxide anion (Oi-) (Clark et al., 1987; Babior et al., 1981; Green et al., 1980;  Supported by Grant DE-08507 from the National Institutes of Health (MJK.MJS) and Fellowship number 13-437-890 from the American Heart Association (MJS). * Correspondence to: Dr. M. J. Steinbeck, Dept. of Pathology, 200 Longwood Ave., Harvard Medical School, Boston, MA 02115. Goldstein et al., 1977; Babior et al., 1973; Rossi and Zatti, 1964) . Superoxide is the primary and most abundant product of the NADPH-oxidase catalyzed reaction, although it is further transformed into other reactive oxygen species including hydrogen peroxide (H202), singlet oxygen [02(lAg)], and hydroxyl radicals.
We have recently demonstrated that PMNs produce 02(' Ag) in response to a phagocytic stimulus and generate higher amounts when pre-stimulated with low-dose 4B-phorbol-12-myristate-13acetate (PMA), a known activator of NADPH-oxidase (Steinbeck et al., 1992) . Singlet oxygen is a relatively long-lived and electronically excited state of molecular oxygen (Khan and Kasha, 1970; Wilson and Hastings, 1970; Browne and Ogryzlo, 1965; Corey and Taylor, 1964; Foote and Wexler, 1964) . Production of Ol('Ag) after a reaction of H202 and hypochlorous acid (HOCI) Kasha, 1963,1970) and its production by the spontaneous dismutation of a chemical source of Oiin water (Corey et al., 1987a; Khan, 1970) have been demonstrated. Consistent with these earlier findings, we have recently demonstrated that 02('Ag) is pro-duced in a reaction catalyzed by purified human myeloperoxidase, which generates HOCl in the presence of H202 (Steinbeck et al., 1992) . The ability of an oxidase to produce 02('Ag) secondary to Oiproduction was substantiated using a xanthine oxidaseacetaldehyde system (Steinbeck et al., 1993) . Purified xanthine oxidase produced both Oiand 02('Ag) and their production was inhibited by addition of superoxide dismutase (SOD), an enzyme that catalyzes the dismutation of Oi-to H202 and ground state molecular oxygen (Fridovich, 1978) . Reactions that lead to the production of Oz('Ag) are given below.
(1) Myeloperoxidase-dependent mechanism (inhibited by catalase) H202 + C1-+ H+ -MPO+ H2O + HOCl HOCl --0C1 + H' H202 + -OC1+ H20 + Cl-+ 02('Ag)
(2) Spontaneous dismutation reaction (inhibition by SOD) Oi-+ 0 2 + 2H+ + H202 + 02('Ag) 3,3'-diaminobenzidine tetrahydrochloride (DAB) was first introduced as a cytochemical probe by Graham and Karnovsky (1966) and was later used by this group in a cytochemical medium containing manganese (Mn") for localization of Oiproduction by PMNs (Briggs et al., 1983 (Briggs et al., ,1986 . Superoxide production was localized to the cytoplasmic vesicles of high-dose (3.24 wM) PMAstimulated PMNs and the phagosomal membrane in response to opsonized zymosan. Smaller amounts of surface deposits were observed on some cells. The DAB-Mn'+ method was adapted from a biochemical test demonstrating a Mn'+-dependent increase in the oxidation of NADPH in a cell-free NADPH-oxidase system (Curnutte et d., 1976; Patriarca et d., 1975) . Oxidation of NADPH was inhibited by addition of SOD, and subsequent study showed that Mn++ was not required for activity of the NADPH-oxidase, but was involved in the Oimediated oxidation of NADPH. The oxidation of NADPH by Oiin the presence of Mn*+ is thought to involve a non-enzymatic free-radical chain of reactions, with the oxidation of Mn++ to Mn+*+ in the presence of a proton donor and the concomitant generation of H202 (kl = 6 x lo6 M-' sec-') (Aust et al., 1985) . Mn+++ is also thought to be responsible for the oxidation of DAB to an insoluble osmiophilic polymer. In support of the free-radical chain reaction theory, the oxidation of Mn++pyrophosphate (e.g., metal-ligand complex) to Mn+++-pyrophosphate by Oihas been demonstrated by Kono et al. (1976) , and work by Litwin (1982) has demonstrated transition metal oxidation of DAB.
However, a reaction of 02(' Ag) with NADPH could explain the greater oxidation of NADPH and the unusual stoichiometry of oxidation observed when lower amounts of 01 were produced in the studies reported by Patriarca et al. (1975) [i.e., conditions that led to increased produced of 02('Ag) since 02('Ag) directly reacts with NADPH at a rate of k, = 1.34 x lo8 M-' sec-' (Peters and Rodgers, 1981) . In addition, an one-electron oxidation of DAB by 0 2 ( ' Ag) is equally as probable as the Mn+++-dependent electrontransfer reaction, since 0 2 ( Ag) will react with aromatic amines, similar to DAB, with oxidation potentials less than ~0 . 5 Vat rates close to the diffusion-controlled limit in water, kr = 6.4 x 109 M-' sec-', giving rise to cationic free radicals (Cavalieri and Rogan, 1983; S i t 0 et al., 1983) .
With the recent confirmation that 02( 'Ag) is produced by stimulated PMNs (Steinbeck et al., 1992 ; and this work), the strong possibility that superoxide dismutation plays a role in the generation of this highly reactive oxidant, and the known reactivity of Oz('Ag) with aromatic amines (Saito et al., 1983) , the question arose whether 0;or the superoxide product, 02('Ag), was actually responsible for oxidizing DAB. Therefore, the present study evaluated the biochemical reactions of pure chemical sources of 02and 0 2 ( ' Ag) with DAB, in the presence and absence of Mn**, and evaluated the formation of electron-dense DAB deposits in PMAstimulated PMNs under conditions that lead to the production of 02('Ag) or to a large amount of Oi-. These approaches provided sufficient evidence that if 02('Ag) is involved in the formation of DAB deposits in stimulated cells its contribution is minor, and that the DAB-Mn++ cytochemical method is detecting the production of oi-.
Materials and Methods
4B-Phorbol-12-myristate-13-acetate (PMA), superoxide dismutase (SOD) (Type I from bovine erythrocytes), sodium azide, 3,3'-diaminobenzidine (DAB), Hepes, sucrose, and MnC12.4 H20, and potassium superoxide (KOz) were obtained from Sigma (St Louis, MO). Dimethylsulfoxide (DMSO), Permount, salts, chloroform, carbon tetrachloride, and methylene chloride were from Fisher Scientific (Fairlawn, NJ). Hydrogen peroxide (H202). sodium hypochlorous acid (NaOCI), perylene, 9.10diphenylanthracene (DPA), and polystyrene (molecular weight >200,000) were obtained from Aldrich Chemical (Milwaukee. WI). Sodium cacodylic acid and EM-grade glutaraldehyde were obtained from Polysciences (Warrington, PA).
Preparation of Human Polymorphonuclear Leukocytes. Human PMNs were isolated by a modification of the technique of Harris (1952). Either glass (Briggs et al., 1986) or fibronectin-coated glass coverslips (22 mm diameter) (Steinbeck et al., 1992) were flooded with blood from a venipuncture and incubated for 5 min at room temperature (RT), followed by 30 min at 37'C in a humidified incubator, 5% CO2 and air. This allowed time for the PMNs to settle and adhere to either the glass or fibronectin and for the serum to clot. The clot was removed and other non-adherent material was flushed from the surface by swirling the coverslip in ice-cold 0.1 M Hepes-NaOH buffer, pH 7.2, containing 5% sucrose and 1 mM sodium azide, an inhibitor of myeloperoxidase activity. This resulted in a monolayer of PMNs remaining attached to the coverslip. The procedures followed for human subjects were in accordance with the ethical standards of the Committee on Human Experimentation at Harvard Medical School based on the Helsinki Declaration of 1975.
Cell Stimulation. Non-particulate stimulation was accomplished by brief exposure to 3.24 pM PMA followed by incubation of the cells in cytochemical medium for 5 minor by inclusion of either 0.040 LLM or 0.162 pM PMA in the cytochemical medium during the 5-min incubation. A stock solution of PMA 2 mglml DMSO was diluted with 0.1 M Hepes buffer, pH 7.2, containing 1 mM sodium azide and 5% sucrose, just before use. Optimal stimulation occurs at near-neud pH in 0.1 M Hepes-NaOH buffer, which preserves enzyme activity and subcellular integrity. Monolayers of cells were flooded with the PMA solution for 90 sec at 37°C then rinsed for 5 min at room temperature in several changes of the same buffer. This was followed immediately by cytochemical testing for 5 min. Comparable control (unstimulated) coverslips were prepared by similar incubations in media from which the PMA had been omitted.
Preparation of Elicited Rat Peritoneal PMNs. PMNs were isolated from male Sprague-Dawley rats (400-500 g, CD strain) (Charles River; Wellesley, MA) by the method of De Pierre and Karnovsky (1974), using a 9% sterile sodium caseinate solution as the elicitation agent (Fisher Scientific). After further purification to 395% over 1.077 glml Ficoll-Paque (Pharmacia LKB Biotechnology; Piscataway, NJ), the cells were re-suspended in ice-cold PBS without calcium and magnesium to 3.0 x lo7 cells/ml and kept at 4°C until use. Animals used in this study were maintained in accordance with the guidelines of the Committee on Animals of the Harvard On care and Use of Laboratory Animal Resources, National Research Council.
with 5 % sucrose at RT for 20 min, stained with methyl green, and examined by LM or duplicate coverslips were left unstained and were prepared for EM by the method of Briggs et al. (1986) .
Light and Electron Microscopy. As published previously by Briggs et (1986) , duplicates of each sample were washed overnight at 4oc in several changes of buffer green followed by dehydration through a graded series of ethanols, and then the coversliDs were mounted with Permount on microscooe slides for fucaton. For LM, cells were counterstained with and those prepared by the Extracellular Production of OZ('Ag) by Stimulated Rat PMNs. The principle of the 02('Ag) assay is based on a measurable change in absorbance of 9,10-diphenylanthracene (DPA) after its oxidation by 02('Ag) to DPA-endoperoxide compared to the absorbance of perylene, the internal standard. Singlet oxygen, but not other reactive oxygen species, specifically reacts with DPA to form the stable product DPA-endoperoxide (Turro et al., 1981; Corey and Taylor, 1964) . This method has been described in detail by Steinbeck et al. (1993) . In brief, glass coverslips (22 mm) washed in dichloromethane were covered with a 2 5 0 4 mixture of perylene (0.04 mg), DPA (0.4 mg), and polystyrene (0.3 mg) dissolved in 1.0 ml dichloromethane. To get a uniform coating (PDP film), the coverslips at RT were covered with a glass dish to allow slow evaporation of the dichloromethane. PMNs in ice-cold PBS were re-suspended in icecold PBS containing calcium (1 mM) and magnesium (0.5 mM) to 5 x lo6 cells/ml just before use. When present, PMA in DMSO was added in a 2.5 p1 volume to a 1 ml of 5 x lo6 cells; the cells were gently mixed for 30 sec and then 250 p1 of unstimulated or stimulated PMNs (1.25 x lo6 cells) was added to each coverslip and incubated in the dark for 30 min at 37'C in a humidified incubator, 5% CO2 and air. To extract the PDP film and cells from the coverslips for spectrophotometric measurements, the coverslips were added to 4.5 ml of ice-cold chloroform:methanol(2:1), vortexed for 1 min. allowed to separate on ice, and perylene, DPA. and polystyrene were recovered in the lower chloroform layer. Polystyrene was removed by filtration from each chloroform sample, using a 25-mm diameter syringe filter containing a 0.2 pm polytetrafluoroethylene membrane and an acrylic housing (Nalgene; Rochester, NY). Three ml of each filtered sample was then placed in a quartz cuvette and an absorbance spectrum from 500-300 nm was recorded with a scanning spectrophotometer with chart recorder (Beckman Instruments). Five major peak absorbances were observed and monitored; the two peaks used in calculating the amount of 0 2 ('Ag) produced were a specific perylene absorbance peak at 438 nm and an independent DPA absorbance peak at 355. The AAbs at 355 nm or the amount of DPA-endoperoxide generated was determined by multiplying the initial absorbance of DPA at 355 nm by the ratio of the initial perylene absorbance at 438 nm divided by the final absorbance of perylene and subtracting the final absorbance of DPA: [DPAi,,irid x (perylenefi,d/ peryleneinitid)]-DPAfind = AAbs. The actual amount of 02('Ag) was calculated by Beer-Lambert's law and the extinction coefficient for DPA at 355 nm of 9.441 x lo3 M-' cm-': Mbs./9.441 x lo3 M-' cm-' x l c m = moles/liter x assay volume in liters = moles of 02('Ag)/30 min of incubation.
DAB-Mn" Enzyme Cytochemistry. The cytochemical procedures were based on those published by Briggs et al. (1986) . Unfixed cells, stimulated or resting, were washed post stimulation (PMA, 90 sec) in the Hepes buffer with 5 % sucrose and a 1 mM azide. The final cytochemical medium consisted of this same buffer to which had been added DAB 2.5 mM plus and minus 0.5 mM Md' (MnC12 . 4 H20). It was necessary to readjust the pH of the medium after adding DAB with 0.2 N NaOH to return it to 7.2. The coverslips were flooded with this medium and incubated at 37'C for 5 min. The cytochemical medium was prepared just before use. Stimulation with either 0.040 pM or 0.162 pM PMA was done concurrently with the cytochemistry; PMA was added to the DAB-Mn" medium and the cells were incubated for 5 min before fixation. The rinsed monolayers were then fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, viewing. For EM, duplicate cell samples washed overnight at 4'C were postfaed in 2% os04 in the same buffer for 60 min at 4'C. Cells were dehydrated through a graded series ofethanols, followed by two 5-min changes in propylene oxide, then infiltrated with Epon 812. For embedding, Beem capsules without covers were filled with Epon, inverted over the cells on the coverslip, and polymerized at 60°C for 24 hr. A clean separation of Epon blocks containing the cells from the coverslips occurred when they were briefly immersed while still warm in liquid nitrogen. The monolayer of cells was found on the face of the block. Thin sections were cut on an LKB 111 and examined either unstained or stained with 4% aqueous uranyl acetate and lead citrate in aJeol1200 electron microscope operated at 80 kV. Table 1 presents the results of test tube reactions between potassium superoxide (K02) and DAB. In these experiments, 1 ml of the cytochemical medium containing 1 mg of DAB (2.5 mM) in 0.1 M Hepes-NaOH, pH 7.2, containing 5% sucrose and 1 mM sodium azide (Hepes-NaOH buffer) was added to each tube. Sodium azide was added in the test-tube experiments because it is present in the cytochemical medium to block endogenous myeloperoxidase activity of PMNs. Potassium superoxide (0.5 glml or 7 M) was added as an excess of granular compound to acidified Hepes-NaOH buffer. The final pH of this solution was 14 after addition of K02. A 1O-pl volume of the buffered KO2 solution was then immediately added to the cytochemical media to give a final concentration of approximately 7 mM K02. A small volume was added to prevent a change in the pH 7.2 of the cytochemical medium. An excess amount of KO2 in a water-based buffer system was used to prevent any net accumulation of 02('Ag). Singlet oxygen has a half-life in water of 2-3 p e c (kd = 4.4 x 10' sec-') (Wilkinson and Brummer, 1981) and is rapidly quenched (Khan, 1977; Guiraud and Foote, 1976; Rosenthal, 1975) . All tubes were incubated in the dark to prevent the photooxidation of DAB by room light. A large amount of brown precipitate formed within seconds of adding KO2 (due to the rapid formation of Oi-) to cytochemical media containing 0.5 mM or 1 mM MnC12. No reaction occurred when MnC12 was omitted from the cytochemical medium or in control tubes not receiving K02. Increasing the amount of MnClz above 1 mM did not further increase the amount of DAB polymer formation.
Results

Reactions of Pure Chemical Sources of Several Reactive Oxygen Species with DAB ana' DAB-Mn"
No DAB reaction product was observed when either H202 or NaOCI, at 100 pM final concentration, was added to the DAB or DAB-Mn++ cytochemical medium (Tables 2 and 3 ). Concentrations of 100 pM were used because the concentration of these reactants is not thought to exceed 100 pM under physiological conditions. However, since it is possible that H202 is present at high concentrations within specialized microenvironments, including phagocytic vacuoles and the neutrophil/substrate cleft where the volumes may be nanoliters or less (Berger and JSarnovsky, 1966) , 0.5-10 mM H202 was also evaluated. Even at these concentrations, no reaction of H202 with DAB or DAB-Mn" was observed (Table 2 ) within the 60 min of incubation. NaOCl was also evaluated at a fivefold higher concentration. At 0.5 mM, addition of NaOCl 
No reaction
Reaction rating from 0 4 0 min resulted in an immediate yellow coloration of the DAB and DAB-Mn++ media, which did not intensify further (Table 3 ) .
In reactions involving K02, H202, or HOCI, the cytochemical medium contained 1 mM sodium azide, an inhibitor normally added to the medium to block endogenous myeloperoxidase activity in PMNs. Results of the test tube reactions for Oi-, H202, or HOCI, performed in the absence of sodium azide, were identical to those performed in its presence (see above and Tables 1-3) .
To test the reactivity of 02('Ag) in similar experiments, the 02('Ag) source, 1,4-dimethyl-1,4-naphthalene endoperoxide (DNE), which thermally releases 02('Ag) (Wasserman and Larsen, 1972) , the parent compound 1,4-dimethyl-naphthalene (DMN) or the ether solvent was evaporated onto the surface of a duplicate set of glass tubes before addition of the cytochemical medium. The test tubes were placed on ice and the ether solvent was evaporated with nitrogen gas. One set of tubes was incubated at 4°C and the other at 37°C. Only tubes containing DNE (5.3 mM) and warmed to 37°C produced a visible brown DAB product that with time precipitated out of solution (Table 4 ). To approximate the amount of Oz('Ag) thermally released from DNE into the cytochemical media, a solubilized ethanol solution of DNE in 250 p1 of buffer was incubated on the PDP film for 1 hr at 37°C and the amount of 0 2 ( Ag) released under these conditions was determined to be approximately 10 nmol. No color change was observed in any tube incubated at 4"C, even after 72 hr. Sodium azide (1 mM), in addition to being a myeloperoxidase inhibitor, is also a quencher of 02('Ag) (k4 = 2.08 x 109 M" sec-') (Gupta and Rohatgi-Mukherjee, 1978) . Sodium azide decreased the reaction of Oz('Ag) with DAB in the absence of Mn** but had no observable effect on the reaction of 02(lAg) and DAB in the presence of Mn*+. The lack of azide effect on the reaction of 02('Ag) with DAB in the presence of Mn+* is probably due to the increased quenching rate of the DAB-Mn++ complex compared with DAB alone (Figure 2 ); (kq = 1.7 x lo8 M-' sec-'). Histidine (2 mM), a known OZ(lAg) quencher (Tomita et al., 1969) , also decreased DAB reaction product formation.
The specificity of the 02('Ag) reaction with DAB was verified 
Na-azide (1 mM)
Reaction rating from 0-60 min (no reaction to + + + + ) by near-IR spectroscopy. 0 2 ( ' Ag) characteristically emits energy at 1268 nm in steady-state conditions and has a slightly longer wavelength emission in non-steady-state reactions (Corey et al., 1987b) . A 1275-nm emission peak was obtained when DNE was warmed in the absence of DAB (Figure 1) . When DAB was added, the intensity of the 02('Ag) emission was decreased. Figure 2 105 sec-' (Wilkinson and Brummer, 1981) . These results suggest that if 02('Ag) were produced in large enough quantities by individual PMNs after stimulation, then 02( ' Ag) could kinetically oxidize enough DAB to produce a visible brown reaction product in the absence of added Mn**.
No reaction No reaction
Extracellular Production of Oz(l Ag) by PMA-stimulated PMNs
The extracellular production of 02( Ag) by unstimulated and PMA-stimulated PMNs isolated from the peritoneal cavity of adult male rats was determined using our previously developed PDP film assay (Steinbeck et al., in press) . Table 5 presents the amounts of 02('Ag) generated by &1.0 x lo6 cells during 30 min of incubation at 37°C in the absence and presence of increasing concentrations of PMA. The production of 02('Ag) was dependent on the dose of PMA added, although stimulation with high-dose PMA (3.24 pM PMAI5 x lo6 cells) resulted in lesser amounts of Oz('Ag) detected. This is not unexpected, since higher concentrations of PMA stimulation lead to a greater production of 0;and, as mentioned previously, very little net accumulation of 02('Ag), since 0;at high concentrations quenches 02('Ag) (Khan, 1977; Guiraud and Foote, 1976; Rosenthal, 1975) . Production of 02('Ag) by stimulated PMNs was inhibited by addition of 2 mM histidine or 120 vg of SOD. The inhibition of 0 2 ( lAg) production by SOD strongly suggests that the generation of 02('Ag) is dependent on the production of Oi-.
Localization of 0;-and/or Oz(l Ag) Production with the Cytochemical Probe DAB
Having shown that 02('Ag) is produced extracellulary from Oiby PMNs in response to low-dose 0.040 or 0.162 pM PMA (see Ta- ble 5 ) , and that 02('Ag) as well as Oiplus Mn*+ oxidizes DAB to a visible product (Table 1) . we attempted to use the oxidation Table 5 
. Extraalhlar quant$cation of 02('Ag) production by unstimulated and stimulated rat peritoneal PMNs zncuabated on DPA-, perylene-, and polystyrene-coated couerslz)s (PDP Flm)
Concentration of PMA added to 5 x lo6 cells in 1 ml of PBS of DAB to localize the production sites of 02andlor 02('Ag) in unstimulated and PMA-stimulated PMNs. Human peripheral blood PMNs were allowed to adhere to either glass or fibronectin-coated coverslips. The monolayer of PMNs was then washed several times in 0.1 M Hepes-NaOH buffer, pH 7.2. containing 1 mM sodium azide, an inhibitor of myeloperoxidase activity, and 5% sucrose. It has been well documented that myeloperoxidase is found in the primary granules of PMNs and, in the presence of DAB and endogenous H202. is capable of directly oxidizing DAB to an insoluble osmiophilic polymer (Briggs et al., 1975) and must therefore be inhibited to prevent the contribution of this enzyme to product formation in stimulated PMNs. Monolayers of unstimulated or PMA-stimulated PMNs (live and unfixed) were incubated for 5 min at 37°C in DAB-Mn'+ cytochemical medium or in cytochemical medium containing DAB only. Unstimulated PMNs rarely contained brown, amorphous reaction product or electron-dense deposits in cytoplasmic vesicles, and deposits were never observed in cytoplasmic organelles ( Figure 3A) . As reported previously by Briggs et al. (1986) . glass-adherent PMNs stimulated by a brief90sec exposure to high-dose PMA at 37°C (3.24 pM in Hepes-NaOH buffer), followed by a 5-min incubation in cytochemical medium, contained electron-dense deposits on vesicular membranes, but only when Mn** (0.5-1 mM) was included in the medium. High-dose PMA stimulation typically leads to a large amount of Oiproduction and very little net accumulation of 02('Ag) ( Table 5) . since
Oiat high concentrations efficiently quenches 0 2 ( Ag) as it is
Similarly, cells incubated on fibronectin-coated coverslips and stimulated by a brief 90-s exposure to high-dose PMA at 37°C also contained DAB deposits ( Figure 3B ), although smaller amounts pf DAB deposits were observed on vesicular membranes when fibronectin-coated coverslips were used instead of glass coverslips. Fibronectin-coated coverslips were used to more closely duplicate the type of surface to which PMNs would adhere in vivo. PMNs stimulated under conditions that lead to the production of02( Ag) had little or no observable vesicular DAB deposits ( Figure 3C) in the presence or absence of Mn". In Figure 3C the PMNs were incubated on fibronectin-coated coverslips and then stimulated for 5 min with low-dose PMA (0.040 or 0.162 pM), which was added directly to the cytochemical medium. These results indicate that the amount of Oz('Ag) generated by individual cells is not enough to directly oxidize DAB, in the absence of Mn", to visible or electrondense deposits. When PMNs were incubated on glass and then stimulated with low-dose PMA in a cytochemical medium containing Mn++, small amounts of DAB deposits were observed (data not shown). It is known that cells incubated in suspension or on artificial surfaces produce more Oithan those incubated on physiological surfaces (Clifford et al., 1984) . These results further suggest that Oiis the primary reactant in the oxidation of DAB.
To determine whether Oiwas involved in the production of the DAB deposits in cells. excess SOD was added to deplete 03-. SOD is active at near neutral pH (Fridovich, 1978) and is not in-C . hibited by low-dose azide (Mirsa and Fridovich, 1978) . When SOD was added at 400 Ulml to the cytochemical medium containing PMA, there were essentially no reactive vacuoles and the electron micrograph looked similar to the one shown in Figure 3C . As reported previously by Briggs et al. (1986) , this strongly suggests that the insoluble DAB reaction product is due to a reaction with 0;or a superoxide product, a reaction that can be interrupted by the removal of Oi-.
To eliminate the possibility that either H202 directly or the H202-C1-myeloperoxidase reaction was contributing to DAB reaction product formation, excess catalase 0.015 % was added to remove H202. Sodium azide was omitted from the buffers and cytochemical media in these experiments to prevent inactivation of catalase. As previously reported, catalase had no effect on the amount or distribution of the DAB-Mn" reaction deposits (Briggs et al., 1986) . In addition, the omission of sodium azide and addition of catalase did not result in DAB deposit formation in cells stimulated to produce 0 2 ( lAg).
Discussion
The present study demonstrated the reactivity of 04' Ag) with DAB in a test tube, the production of 0 2 ( 'Ag) by PMNs, and the inhibition of this production by SOD, but negated a role for this reactive oxygen species in the formation of DAB deposits in stimulated cells. In a test tube, 02('Ag) directly reacted with DAB in the absence of Mn**, and to a greater extent in the presence of Mn*, to form an insoluble DAB reaction product. The reaction of 02('Ag) with DAB was confirmed by near-IR spectroscopy. However, under conditions of cell stimulation known to induce 02( l Ag) production by PMNs, no DAB deposits were observed regardless of whether or not Mn** was present in the cytochemical medium. This was true even when sodium azide, a quencher of 02(' Ag) and an inhibitor of myeloperoxidase, was eliminated from the buffers and cytochemical medium.
The amount of 02(' Ag) generated per cell approximates 1-2 x lo-'* moles of O~('Ag)/30 min of incubation, assuming each cell is producing an equivalent amount of 02('Ag). The minimal amount of 02(lAg) required to oxidize DAB in the test tube to a visible precipitate is in the range of 0.1-1 x M. However, if the production of 02('Ag) by an individual cell is linear and the water volume within individual vesicles is nanoliters (Berger and Karnovsky, 1966) , then the concentration of 02('Ag) at the site of NADPH-oxidase could be as high as 3-7 x 10-7-10-9 M. In addition, the present biochemical method for measurement of 02('Ag) production is based on the amount released onto the surface of the PDP film and is much less sensitive compared with the DAB cytochemical method, which would detect 02( lAg) production in a localized region of the NADPH-oxidase where the 02(lAg) concentration is maximal. It was therefore conceivable that 02( Ag) could produce electron-dense deposits of DAB under conditions of cell stimulation that lead to 02( Ag) production. In the cytochemical studies presented, however, osmiophilic DAB polymers were localized by transmission EM only to the vesicular membranes of PMNs stimulated in the presence of Mn** to produce large amounts of Oiwith high-dose PMA. These results indicate that despite the potentially high concentration of 02( lAg) within the PMA-induced vesicles, too little 0 2 ( Ag) was available to generate observable DAB deposits due to production or quenching by water, Oi-, or components within the vesicle membrane.
In our earlier work (Briggs et al., 1986) and in this report, most of the reaction product was on the vesicular membranes. It has been well established that PMNs stimulated with PMA contain many vesicles in the cytoplasm (Repine et al., 1984) , which are derived from the plasma membrane (Robinson et al., 1987) . As the vesicular membranes are derived from the cell surface membrane within minutes of stimulation by PMA (Robinson et al., 1987) , the surface deposits would be found only in those cells coming into contact with PMA for a shorter period of time. The present findings are compatible with the loss of surface deposits due to rapid vesicular formation in response to 5 min of stimulation with PMA. As in our previous study, the addition of SOD to stimulated cells converted Oito H202, preventing the formation of DAB deposits, and the addition of catalase was without effect.
The negative result in the DAB experiments discussed above does not eliminate the potential involvement of 02('Ag) in the observable DAB-Mn+' deposit formation in high-dose PMAstimulated PMNs, since some 02('Ag) is produced under these conditions, and in the test-tube reactions 02(lAg) reacted with DAB to a greater extent in the presence of Mn**; this was not inhibited by the addition of sodium azide. However, in stimulated cells the greater concentration of Oicompared with 02( Ag) would favor a reaction between 01 and DAB-Mn" rather than an 02(lAg) and DAB-Mn++ reaction. Second, the oxidation of Mn+* to Mn'++ by 02is a first-order reaction, ki = 6 x lo6 M-' sec-' (Aust et al., 1985) and an order of magnitude faster than superoxide dismutation (pH = 7; kr = 1.0 x 10' M-' sec-l) which leads to the generation of 02('Ag). It is also less likely that 02('Ag) would be involved in the formation of the DAB polymer in cells, since the reaction of 02('Ag) with an aromatic amine such as DAB, although rapid, k, = 1.7 x lo* M-' sec -', is a second-order reaction, requiring an initial superoxide dismutation to produce 02(lAg) followed by the reaction of 02('Ag) with DAB-Mn++. The subsequent reaction of Mn+'+ with DAB, leading to the oxidation of DAB, would then be a third-order reaction. Theoretical reactions of 02-and 02('Ag) with DAB-Mn++ are given below. The chemistry of the oxidation of DAB by Mn+++ is not clearly established. Seligman et al. (1968) proposed a reaction mechanism for the formation of the osmiophilic DAB reaction product. The reaction is thought to proceed first by oxidative polymerization of DAB to an indamine polymer, followed by further quinoid addition to primary amines and the formation of a phenazine polymer (oxidative cyclization). Whatever the mechanism of oxidation and polymerization. the final DAB reaction product appears as a brown, amorphous deposit within stimulated cells by light microscopy and a highly electron-dense product on treatment with 0~0 4 .
Although brown, amorphous deposits were visible by LM, the exact location of these deposits was not discernible by LM. Hsu and Soban (1982) improved on the observation of these deposits by LM by adding metallic ions such as CoC12 and NiClz to increase DAB deposit formation. However, when added to our system, the metallic ions interfered with the oxidation of DAB by Mn-.
DAB-based detection systems continue to be widely used for both LM and EM techniques, since DAB polymers are almost ideal histochemical markers. However, the original DAB-Mn++ method has not been as widely used, and only recently have Babbs et al. (1991a,b) reported the use of DAB and Mn" in a modified method. Using a perfusate of DAB and Mn++-containing cytochemical medium, they were able to localize the production of Oito the endothelial cells of a reperfused rat heart and lung after ischemia. Perhaps the present study's confirmation of the specificity of the DAB-Mn+' reaction to localize the production of Oiand the recent reports by Babbs et al. (1991a,b) will reintroduce this method to others.
